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Chromatin domainene domain is an open chromatin domain overlapping a neighboring house-
keeping gene. The tissue-speciﬁc cluster of α-globin genes and the overlapping housekeeping gene share the
same replication origin. We have studied the replication timing of chicken α-globin genes in cells of different
lineages using the FISH-based approach and found that α-globin genes replicate early both in erythroid and
in non-erythroid cells, i.e. regardless of their transcriptional activity. Early replication timing of chicken α-
globin genes in cells of different lineages was in good correlation with the open chromatin conﬁguration of
the α-globin gene domain in both erythroid and non-erythroid cells. We propose that active transcription of
the housekeeping gene overlapping the α-globin gene domain enables an access of Origin Recognition
Complex (ORC) proteins to the replication origin resulting in early replication of α-globin genes even in non-
erythroid cells.
© 2009 Elsevier Inc. All rights reserved.IntroductionThe alpha-globin gene domain of vertebrates represents a typical
example of “open” chromatin domains. These domains are usually
located in gene-dense chromosomal regions, have no sharp bound-
aries, are characterized by a DNase-sensitive conﬁguration in cells of
different lineages and often overlap with other genes or gene domains
[1,2].
The chicken α-globin gene domain comprises a cluster of α-globin
genes (∼8 kbp) and an extended 5′-regulatory region (Fig. 1). A
housekeeping gene called ggPRX (C16orf35), whose functions are not
yet determined, is situated directly upstream of the α-globin gene
cluster [3]. The Major Regulatory Element (MRE) controlling α-globin
gene expression is located in the body of this housekeeping gene [4].
The Matrix-Associated Region (MAR) possessing an insulator activity
[5,6] and the CpG island containing the ggPRX gene promoter [7] and
the replication origin [8,9] are located between the MRE and the α-
globin gene cluster (Fig. 1).
In many cases a correlation between early replication and active
transcriptional status of a gene is observed. Thus constantly active
genes (housekeeping genes) replicate early in S-phase while tissue-
speciﬁc genes are usually early-replicating in cells where these genes
are expressed and late-replicating in all other cell types [10–14]. At
the same time, nothing is known about the replication timing of openRussian Academy of Sciences,
9 135 41 05.
ll rights reserved.chromatin domains that contain both housekeeping and tissue-
speciﬁc genes. Expression of α-globin genes is strictly limited to cells
of erythroid origin [15,16] and thus they might be expected to repli-
cate late in S-phase in non-erythroid cells. However, the α-globin
gene domain overlaps an ubiquitously expressed housekeeping gene
[3] that is likely to replicate early in all cell types. Thus it is difﬁcult
to predict what kind of replication program will be realized within
this “mixed” domain in cells of different lineages. We have addressed
this question in the present study and demonstrated that replication
timing of the α-globin gene domain does not depend on the trans-
criptional status of globin genes and remains “early” in cells of
different lineages, which in turn correlates with the open chromatin
conﬁguration of the domain in both erythroid and non-erythroid
cells.
Results and discussion
α-globin genes replicate early in both erythroid and non-erythroid
cells
We have used ﬂuorescence in situ hybridization (FISH) as a con-
ventional tool for studying the replication timing of speciﬁc genomic
loci. Fluorescence-labeled probes corresponding to unique gene
sequences were hybridized with unsynchronized cultured cells
[17]. Two different patterns can be observed when a random pop-
ulation of nuclei from a non-synchronous diploid cell culture is
analyzed by this method: in normal diploid cells non-replicated
DNA loci produce singlet hybridization signals while replicated loci
Fig. 1. A scheme of the chicken α-globin gene domain showing the positions of important functional elements. Boxes represent ggPRX and α-globin genes (arrows show the
directions of transcription); black open rectangle — MAR possessing insulator activity; ﬁlled black oval — the replication initiation region (ori); ﬁlled gray circle — the downstream
enhancer; black bold arrow—MRE. TaqMan and FISH probes positions are shown by black horizontal lines. All the distances in the scheme are in bp and correspond to the GenBank
sequence (accession no. AY016020) [4].
482 D.B. Klochkov et al. / Genomics 93 (2009) 481–486are characterized by doublets (Fig. 2). The proportion of cells
showing each of these two patterns in an unsynchronized cell pop-
ulation can be used to determine the S phase replication timing of
any non-imprinted autosomal loci: genes which replicate early in
the cell cycle show a high percentage of doublets (50–60%) while late
replicating loci are characterized by less than 30% of doublet hybri-
dization signals [17]. Scoring of single and duplicated hybridization
signals in more than 200 nuclei gives accurate and reproducible data
[17,18]. It should be mentioned that the percentage of singlets/
doublets is not really modal, and hence an arbitrary cut-off is im-
posed for partitioning of genes into only two groups (early
replicating and late replicating). Although this is an oversimpliﬁca-
tion, the partitioning of genes into early- and late-replicating is
commonly used in the modern literature. This is partially justiﬁed by
the fact that a large group of replication origins ﬁres right at the
beginning of S phase [19].
We have analyzed the temporal order of replication throughout
the chicken α-globin gene domain in erythroid and non-erythroid
cells using this FISH assay. All cells tested were veriﬁed by ﬂow
cytometry to be in an exponential growth phase. For each experiment,
a set of slides was prepared from a single aliquot of cells to avoid
batch-to-batch variation. Nuclei on individual slides from each set
were hybridized with the appropriate early replicating and late re-
plicating control probes (chicken β-actin gene [12] and chicken oval-
bumin gene [20], respectively) and with probes from chicken α- and
β-globin gene domains.
The replication timing of chicken β-globin genes measured by the
proportion of duplicated hybridization signals versus single hybridi-
zation signals was found to reﬂect the expression proﬁle of these
genes — early in cells of erythroid origin (HD3) and late in non-Fig. 2. Fluorescent in situ hybridization to interphase nuclei. Panels A and B show HD3 nucle
with two singlet hybridization dots in which the alpha-globin genes locus has not yet repli
Hybridization signals are pointed by white arrows.erythroid cells (lymphoblasts and ﬁbroblasts) (Table 1). This result
corresponds well to the previously published data on replication
timing of the β-globin gene domain determined by other methods
[21,22]. On the contrary, the proportion of duplicated signals scored
for the α-globin probe (comprising αD- and αA-genes) was similar to
that observed for the early replicating control (the probe for β-actin
gene) in all cell lines tested (Table 1). It was therefore concluded that
α-globin genes replicate early in both erythroid and non-erythroid
cells. It should be mentioned that an average cell duplication time is
not the same for different cell lines studied in our experiments. That
is why even for bona ﬁde early replicating gene (β-actin) the ob-
served percentage of doublets was different in CEF, DT40 and HD3.
Still it resided within reasonable limits (from 58% in CEF to 68% in
HD3) and we did not take into account these differences. In each
tested cell line a gene was considered to be early-replicating or late-
replicating basing on comparison with the percentages of doublets
and singlets observed for early and late replicating control genes in
this cell line.
In order to verify thatα-globin genes are not expressed in cultured
lymphoblasts and ﬁbroblasts (DT40 and CEF) we have determined the
level of expression of the αA-gene in all three cell lines studied using
reverse transcription polymerase chain reaction (RT-PCR) on total
cellular RNAs isolated from HD3, DT40 and CEF. The results of these
experiments (Fig. 3) have demonstrated that αA-gene expression was
indeed limited to cells of erythroid origin (HD3).
Taking together the results presented in this section one can
conclude thatα-globin genes replicate early in those cells where these
genes are not transcribed (lymphoblasts and ﬁbroblasts), and thus the
replication timing of α-globin genes does not correlate with the
transcriptional status of these genes.i hybridized with an alpha-globin probe. Note the presence of two types of nuclei, those
cated (A) and those with two doublet dots in the locus has undergone replication (B).
Table 1
Replication timing of chicken gene loci in cells of different origin




Fibroblasts (CEF) Ovalbumin 86% 14% 192 Late
β-actin 42% 58% 354 Early
β-globin 71% 29% 263 Late
α-globin 52,5% 47,5% 409 Early
Lymphoblasts (DT40) Ovalbumin 82% 18% 290 Late
β-actin 35% 65% 205 Early
β-globin 70% 30% 407 Late
α-globin 45% 55% 661 Early
Erythroblasts (HD3) Ovalbumin 83% 17% 326 Late
β-actin 32% 68% 185 Early
β-globin 53% 47% 263 Early
α-globin 37% 63% 475 Early
CEF, DT40 and HD3 nuclei were prepared and hybridized in situ with various biotiny-
lated probes. The percentage of nuclei showing singlet or doublet dots was recorded.
Hybridizations with ovalbumin and β-actin probes were performed in order to norma-
lize technique.
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Recent observations suggest that replication timing of different
genomic regionsmay depend on the accessibility of replication origins
and thus on the mode of DNA packaging in chromatin [23]. We have
used the DNase I sensitivity assay [24,25] to investigate chromatin
condensation states in different regions of the α-globin gene domain
as well as of βH-globin, ggPRX, ovalbumin and β-actin genes in
cultured erythroblasts, lymphoblasts and ﬁbroblasts. As has been
mentioned previously, the ggPRX gene is active in all these cells, α-
globin genes and β-globin genes are active only in erythroid cells and
the ovalbumin gene is not active in any of the three cell lines studied.
As a rule, active genes are located in DNase I-sensitive chromatin
domains [26]. However, these domains may also contain inactive
genes [27]. It was reported previously that α-globin genes are located
in DNase I-sensitive chromatin areas in both erythroid and non-
erythroid cells [28]. However the level of DNAse I sensitivity was
not studied quantitatively. To obtain more accurate data, we have
evaluated DNase I sensitivity as the extent of DNA digestion quantiﬁed
by real-time qPCR. The more chromatin region is decondensed, the
more it is accessible to DNase I digestion. The increased digestion is
measured by real-time PCR and results in less amount of PCR product.
Isolated nuclei from chicken erythroblasts, lymphoblasts and
ﬁbroblasts were digested with increasing amounts of DNase I, andFig. 3. Comparative RT-PCR analysis ofαA-gene transcription status in cells of different lineag
reverse transcription products of RNA extracted from chicken erythroblasts (HD3 cell line), ly
ampliﬁcations without a reverse transcription reaction.extracted DNA was analyzed by quantitative PCR with primers and
TaqMan probes designed to amplify the test fragments of the above-
mentioned genes. The results of this assay are presented in Fig. 4. It is
evident that the more sensitive certain gene to DNase I, the less
enzyme will be necessary to attain any arbitrary chosen digestion
level. Thus for any ﬁxed level of DNA digestion (axis Y) the lower
values on the axis X will correspond to higher DNase I sensitivity.
All tested regions of the α-globin gene domain as well as the βH-
globin gene were found to have higher DNase I sensitivity in
erythroblasts (HD3) as compared to the ovalbumin gene which is
not expressed in this type of cells. In lymphoblasts (DT40) and
ﬁbroblasts (CEF) the DNase I sensitivity of the βH-globin gene was
relatively low and comparable with that of the ovalbumin gene while
the DNase I sensitivity of the β-actin gene was much higher. These
observations agree well with the fact that the β-actin gene is
expressed in cells of all lineages while neither βH-globin gene nor
ovalbumin gene is expressed in lymphoblasts and ﬁbroblasts.
The απ- and αD-globin genes possessed high DNase I sensitivity
(comparablewith that of the β-actin gene) in all three cell lines tested.
The same was true for the ggPRX gene. It should be noted however
that in erythroid cells this gene showed lower DNAse I sensitivity than
globin genes but still was more sensitive to DNase I than the
ovalbumin gene.
Concluding remarks
In the Introduction to this paper we have outlined that as a
consequence of overlapping of the α-globin gene domain and the
house-keeping gene ggPRX there could be a conﬂict of replication
programs typical for house-keeping and tissue-speciﬁc genes. Our
study shows that in this situation the whole area including both
house-keeping and tissue-speciﬁc genes replicates early in S phase.
We have found previously that the area under study contains only one
replication origin located 3.5 to 5 kb upstream of the ﬁrst of the α-
globin genes within the CpG island that includes the ggPRX gene
promoter [7,9]. Already due to the location within the CpG island this
origin could be expected to ﬁre early in cells of all lineages. However,
the condensed chromatin structure of a domain containing tissue-
speciﬁc genes could constitute a sort of obstacle for the replication
forkmovement. Herewe show that the chickenα-globin gene domain
resides in the “open” (DNase I sensitive) conﬁguration in both
erythroid and non-erythroid cells. Thus the replication fork moving in
the direction of globin genes from the origin located just 3.5 kbes. PCR ampliﬁcation of test regions of GAPDH (positive control) andαA-globin genes on
mphoblasts (DT40 cell line) and primary ﬁbroblasts (CEF). “−RT” indicates control PCR
Fig. 4. Dynamics of DNaseI sensitivity of different chicken genomic regions in cells of different origin. 50 ng aliquots of genomic DNA extracted from nuclei of HD3, DT40 and CEF
digested with increasing amounts of DNase I were subjected to real-time PCR analysis. The Ct values obtained were converted to DNA concentration using the standard curve (data
not shown). DNase I sensitivity was expressed as a percentage of non-digested genomic DNA (axis Y) and is plotted for different DNase I concentrations (0–1 U; axis X) for each test
region. The data are an average of three independent experiments.
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Table 2
Sets of PCR primers used for ampliﬁcation of FISH probes
Test region PCR product
size
PCR primer set (sequence 5′ to 3′)
α-globin gene domain 6597 bp F, GCCAAGTTCTGGGGTATTCTTCCTA
R, TCCTGTTGGAGTGTTGTGGTCTTCT
β-globin gene domain 4577 bp F, TAAAGGCAGAATGTAATAGTCACAG
R, GAATGAAAATACTGAGGGAGATCTT
β-actin gene 5003 bp F, ACATCAGTGTCGCTGCAGCTCAGTG
R, GCAGTCCCACTGAGCCCAGCTGTCC
ovalbumin gene 4040 bp F, AACTGCTCGTAATTTACTGTTGTAG
R, ATCTAGCTGTGATTAAATGCCTCTT
Primers for PCRwere designed using following GenBank DNA sequences (accession nos.
AY016020, NW001471556, J00895, X00182) and Primer Premier 5 software (PRIMER
Biosoft International).
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observations strongly support the idea that it is the mode of DNA
packaging in chromatin rather than the transcriptional status of the
genes that determines the replication program. Although silent genes
are usually characterized by late replication, exceptions from this rule
were reported [18,29,30]. Concerning our results it is worth mention-
ing that the tissue-speciﬁc chicken lysozyme gene (LYZ) replicates
early during S-phase irrespectively of the lysozyme gene transcrip-
tional activity [31]. Interestingly, the chicken lysozyme gene domain
also overlaps a widely expressed house-keeping gene (YEATS4).
Transcription of this gene starts just downstream of the lysozyme
gene within a CpG island with dual promoter/origin function [32,33].
The similarity with the situation observed in the chicken alpha-globin
gene domain is quite obvious.
Our results are in perfect agreement with the previously published
data stating that genes from gene-rich GC-isochors do not change its
replication timing in the course of differentiation [34,35]. Most of
genes situated on GC-isochors consist of actively transcribed “house-
keeping” genes that seem to induce early replication of their loci. Thus,
a change in the transcriptional status of tissue-speciﬁc genes
embedded in such areas does not affect the replication program of
extended genomic regions containing these genes.
Materials and methods
Cell cultures
The AEV-transformed chicken erythroblast cell line HD3 (clone A6
of line LSCC [36,37]) was grown in suspension in Dulbecco's modiﬁed
Eagle's medium (DMEM; Gibco) supplemented with 8% fetal bovine
serum and 2% chicken serum. The ALV-transformed chicken lymphoid
cell line DT40 [38] was grown in DMEM supplemented with 50 μM 2-
mercaptoethanol, 10% fetal calf serum, 5% chicken serum and 10%
tryptose phosphate broth. Chicken embryonic ﬁbroblasts (CEF) were
isolated from 9-day chicken embryos according to the standard
protocol [39] and grown in DMEM supplemented with 8% fetal bovine
serum and 2% chicken serum. For cell cycle analysis the cells were
ﬁxed by incubation in 70% ethanol at −20 °C for at least 30 min,Table 3
Sets of PCR primers and Taqman probe used in real-time qPCR)
Test region PCR primer set (sequence 5′ to 3′)
αD-globin gene F, TGTTCACCACCTATCCCCA; R, GTTGCTCAGCTCAGCCATG
απ-globin gene F, TTCACAGCACAAGGGATAACT; R, TGCTTCCTGAGATGGTAAC
MRE F, CTTTTGAAGCCAATGTCTCTC; R, AACAGTTATCCCAGCAATC
ggPRX gene F, CAGGAAAGGGAAGAGAGAACAG; R, CTTGTGTCCTTCAGTAG
βH-globin gene F, CCAGAGGTTCTTTGCGTCC; R, TGAAGTTCTCGGGGTCCAC
β-actin gene F, TGGACTCTGGTGATGGTGT; R, TCTCTCTCGGCTGTGGTGG
ovalbumin gene F, GCAGCACATGCAGAAATCA; R, AGAAGAGAACGGCGTTGGT
Primers and TaqMan probes for PCR analysis were designed using following GenBank DNA
software (PRIMER Biosoft International).washed twice in PBS and incubated for 30 min at 37 °C in 20 mM
EDTA, 100 μg/ml RNase A and 10 μg/ml propidium iodide in PBS. DNA
content was determined by ﬂow cytometry.
Preparation of microscopic slides with ﬁxed cells and ﬂuorescence in situ
hybridization (FISH)
Cells were pelleted (700 g, 5 min), washed twice with DMEM
medium and exposed to hypotonic shock by resuspending in 0.55% KCl
solution at 37 °C for 20 min. After hypotonic shock the cells were
sequentially ﬁxed inmethanol-acetic acid (3:1) mixture for 10, 20 and
60 min at 4 °C. Then the cells were dropped on silane-coated glass
slides, air dried and kept at 4 °C. Primary chicken ﬁbroblasts were
initially grown on silane-coated glass slides, and then exposed to
hypotonic shock followed by methanol-acetic acid ﬁxation.
The probes speciﬁc for chicken α-globin, β-globin, β-actin and
ovalbumin genes were PCR-ampliﬁed from chicken genomic DNA,
cloned into pGEMT-Easy Vector (Invitrogen) and sequenced. The
primers used to amplify test fragments of the above-mentioned genes
and the size of the ampliﬁed fragments are presented in Table 2. The
protocol for in situ hybridization has been described previously
[17,40].
RT-PCR analysis
Total nuclear RNA (0.5 μg) treated with DNaseI (RNase free)
(Roche) was reverse transcribed into cDNA using MuMLV RT-
polymerase (Fermentas) and a mix of non-speciﬁc primers. Synthe-
sized cDNAs were treated with a mixture of RNase H and RNase A and
ampliﬁed in 20 μl PCR with an enzyme mix containing thermostable
Taq DNA polymerase (Fermentas) and a proof-reading Pfu DNA
polymerase (Fermentas) in the presence of 1 M betaine (Sigma) and
5% DMSO (Fermentas) and different sets of primers listed below. PCR
was performed in 28 cycles (95 °C for 45 s, speciﬁed annealing
temperature for 30 s, 72 °C for 30 s) preceded by denaturation at 95 °C
for 5 min. 10 μl aliquots of each reaction were analyzed by agarose gel
electrophoresis. The following primers were used for ampliﬁcation of
different test regions: a fragment of αA-gene (166 bp), 5′ AGGGCAT-
CTTCACCAAAATC 3′ and 5′ AGGCAGCCACTACCTTCTTG 3′; a fragment
of ggGAPDH gene (200 bp), 5′ CATCACAGCCACACAGAAGA 3′ and 5′
AGGTCAGGTCAACAACAGAGA 3′.
DNaseI sensitivity assay
Cells (107 cells/sample) were washed twice in DMEM, resus-
pended in 5 ml of ice-cold lysis buffer (10 mM PIPES (pH 7.8), 100 mM
NaCl, 0.3 M sucrose, 3 mM MgCl2, 0.5% TritonX-100, 0.5 mM CuSO4,
and 0.2 mM PMSF (phenylmethylsulphonylﬂuoride)) and incubated
on ice for 15 min The nuclei were pelleted, washed with the DNAseI
digestion buffer (40 mM TrisHCl (pH 8.0), 10 mM MgCl2, 1 mM CaCl2,
0.2 mMPMSF), resuspended in the same buffer, pre-incubated at 37 °C
for 2 min and digested with DNase I (10 U/μl, Roche) at 0–5 U/100 μl








sequences (accession nos. AY016020, V00409, J00895, X00182) and Primer Premier 5
486 D.B. Klochkov et al. / Genomics 93 (2009) 481–48610 mM. The genomic DNA was isolated using a Nucleospin Blood kit
(Macherey-Nagel). The DNA samples were quantiﬁed using the
NanoDrop 1000 RNA/DNA calculator (Thermo Scientiﬁc). 50 ng
aliquots of digested genomic DNA were used to perform real-time
PCRs with TaqMan probes. The PCRs were performed in 50-μl reaction
volumes which included the DNA template, 1× Hot Start PCR buffer
(Fermentas), 2.5 mM MgCl2, 0.5 μM of each primer, 0.25 μM of a
TaqMan probe (5′-FAM dye, inside BHQ-1 quencher), 0.2 mM of each
dNTP, 0.75 U of Hot Start Taq DNA Polymerase (Fermentas). The
reactions were performed using the ABI PRISM 7000 Sequence
Detection System (Applied Biosystems) as follows: initial denatura-
tion for 5 min at 94 °C; 58 cycles of 15 s at 94 °C, 60 s at 60 °C, plate
read. Each PCRwas performed in quadruplicate and the corresponding
results were averaged. The sequences of the primers and TaqMan
probes are presented in Table 3.
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